Eukaryotic cells contain multiple versions of the E3 ubiquitin ligase known as the SCF (Skp1/cullin/F box), each of which is distinguished by a different F box protein that uses a domain at the carboxyl terminus to recognize substrates [1, 2] . The F box protein Dia2 is an important determinant of genome stability in budding yeast [3] [4] [5] , but its mode of action is poorly understood. Here we show that SCF Dia2 associates with the replisome progression complex (RPC) that assembles around the MCM2-7 helicase at DNA replication forks [6] . This interaction requires the RPC components Mrc1 and Ctf4, both of which associate with a tetratricopeptide repeat (TPR) domain located at the amino terminus of Dia2. Our data indicate that the TPR domain of Dia2 tethers SCF Dia2 to the RPC, probably increasing the local concentration of the ligase at DNA replication forks. This regulation becomes important in cells that accumulate stalled DNA replication forks at protein-DNA barriers, perhaps aiding the interaction of SCF Dia2 with key substrates. Our findings suggest that the amino-terminal domains of other F box proteins might also play an analogous regulatory role, controlling the localization of the cognate SCF complexes.
Results and Discussion

SCF
Dia2 Associates with the Replisome Progression Complex We originally identified 19 components of the replisome progression complex (RPC) [6] , but subsequent analysis of the mass spectrometry data identified six additional proteins that copurified consistently with RPCs (see Figure S1 available online). These comprised the four subunits of SCF Dia2 , as well as the two subunits of phosphofructokinase, which controls a rate-determining step of glycolysis. As shown in Figure S2 , it appears that phosphofructokinase is probably a contaminant in our RPC preparations because of its sheer abundance. In contrast, all four subunits of SCF Dia2 coimmunoprecipitated specifically with the MCM2-7 helicase from extracts of asynchronous budding yeast cells ( Figure S3 ).
The interaction of SCF Dia2 with components of the RPC such as the MCM2-7 helicase and the GINS (''go-ichi-ni-san,'' or 5-1-2-3) complex peaked during the S phase of the cell cycle ( Figures 1A and 1B ) and was dependent upon prior loading of MCM2-7 at origins of DNA replication ( Figures 1C and 1D ). Whereas SCF Dia2 was largely displaced from MCM2-7 as cells completed S phase ( Figure 1A, 60 0 ), the interaction was preserved for an extended period if the progression of DNA replication forks was stalled by treating cells with hydroxyurea, which depletes nucleotides ( Figure 1E ). Taken together, these findings indicate that SCF Dia2 associates specifically with the fraction of the MCM2-7 helicase that is present in the RPC at DNA replication forks together with GINS and other factors.
Mrc1 and Ctf4 Link SCF
Dia2 to the RPC To map the interaction of SCF Dia2 with the RPC, we started by examining yeast strains lacking each of Top1, Tof1, Mrc1, Csm3, and Ctf4, because these components of the RPC are important for the preservation of genome stability during chromosome replication but are not essential for cell viability [6] [7] [8] [9] [10] . As shown in Figure S4 , we found that copurification of SCF Dia2 with GINS does not require topoisomerase 1 (Top1). In contrast, the association of SCF Dia2 with GINS during S phase was greatly diminished in the absence of Tof1, although it was not lost entirely ( Figure 2A ). Previous work showed that Tof1 forms a tight complex with the Csm3 protein [11, 12] , and Tof1 is required for Csm3 to form part of the RPC ( Figure 2B, tof1D) . In turn, the Tof1-Csm3 complex is important for stable association of the checkpoint mediator Mrc1 with replication forks [13] and with the RPC (F. van Deursen and K.L., unpublished data), and Mrc1, Tof1, and Csm3 copurify with each other from yeast cell extracts [12, 14] . As shown in Figure 2B , SCF Dia2 is destabilized from RPCs to a similar degree in cells that lack any one of Mrc1, Tof1, or Csm3. In contrast, Csm3 and thus Tof1 were still able to copurify with GINS in the absence of Mrc1 ( Figure 2B , mrc1D). The simplest explanation of these data, therefore, would be that Mrc1 is a key determinant of the association of SCF Dia2 with the RPC, whereas both Tof1 and Csm3 might contribute indirectly by maintaining Mrc1 within the RPC.
Finally, we tested whether Ctf4 also contributes to the association of SCF Dia2 with the RPC. Less MCM2-7 and Cdc45 coimmunoprecipitated with GINS from extracts of ctf4D cells compared with the control (Figure 2A) . Importantly, however, the amount of Dia2 in the immunoprecipitate of GINS was reduced severalfold further in the absence of Ctf4 (Figure 2A ; the Dia2 signal in the ctf4D strain is comparable to the signal for Mcm7 and Cdc45, whereas the Dia2 signal in the control strain is about five times stronger than the Cdc45 and Mcm7 signals). This suggests that Ctf4 contributes to the stable association of SCF Dia2 with RPCs, and we found by mass spectrometry that the association of SCF Dia2 with purified RPCs was indeed diminished in the absence of Ctf4 (unpublished data; [15] ).
Via a two-hybrid assay, we found that Dia2 interacted robustly with Mrc1 and more weakly with Ctf4, but not with Csm3 or Tof1 ( Figure 2C ). In addition, immunoprecipitation of Mrc1 and Ctf4 showed that both factors interact with Dia2 principally during S phase ( Figures 2D and 2E) is located on the carboxy-terminal side of the F box and in the case of Dia2 comprises a series of leucine-rich repeats (LRRs) ( Figure 3A) . We found that a region of 32 amino acids preceding the F box of Dia2 acts as a nuclear localization signal ( Figure 3B ). Most intriguingly, Dia2 has an additional protein-protein interaction module at the amino terminus of the protein, formed by a tetratricopeptide repeat or TPR domain (Figure 3Ab) .
We used the two-hybrid assay to explore which region of Dia2 interacts with Mrc1 and Ctf4. As shown in Figure 3C , removal of the TPR domain abolished the ability of Dia2 to interact with Mrc1 and Ctf4 ( Figure 3C, Dia2DNT) . Conversely, the isolated amino terminus of Dia2 was still able to interact with Mrc1 and Ctf4 ( Figure 3C, Dia2DCT) . Indeed, the interaction with Ctf4 was now readily detectable after 2-3 days' growth of the two-hybrid strain on selective medium, indicating that the amino terminus of Dia2 works better in this assay than full-length Dia2. These findings indicate that it is the unique TPR domain at the amino terminus of Dia2, rather than the LRRs in the presumptive substrate-targeting domain, that interacts with Mrc1 and Ctf4.
We then determined which regions of Ctf4 and Mrc1 were responsible for interaction with Dia2. The Ctf4 protein begins with a WD40 protein interaction domain, but we found that this portion of Ctf4 did not interact with Dia2 ( Figure 3D , Ctf4NT). Instead, the amino terminus of Dia2 interacted robustly with the remainder of Ctf4 ( Figure 3D , AD-Ctf4DNT + DBD-Dia2DCT, 2His 2Ade), which we recently showed binds directly to GINS and to the amino terminus of the catalytic subunit of DNA polymerase alpha [15] . The Mrc1 protein lacks detectable domains, but both amino-and carboxy-terminal halves interact independently with DNA polymerase epsilon [16] . We found that both Mrc1-DNT and Mrc1-DCT were able to interact with full-length Dia2 as well as with Dia2-DCT ( Figure 3E ). It thus appears that the TPR domain of Dia2 interacts with the carboxy-terminal region of Ctf4 and with both amino-and carboxy-terminal halves of Mrc1.
The location of the TPR domain at the amino terminus of Dia2 indicates that it is unlikely to function as an efficient substrate-targeting domain, in contrast to the LRRs. Indeed, we found that both Mrc1 and Ctf4 are relatively stable proteins even during S phase ( Figure S5 ), unlike the highly unstable Cdc6 protein, which is a known target of SCF Cdc4 [17] . Our C before synchronization in G1 phase with mating pheromone. After transfer into YPD medium with mating pheromone for 30 min to deplete Cdc6 in the GAL-CDC6 strain, the cells were released into the cell cycle for 50 min before readdition of mating pheromone to synchronize cells in the subsequent G1 phase with the MCM2-7 helicase either loaded at origins (control) or not (GAL-CDC6). Finally, cells were released into fresh medium for the indicated times. DNA content was measured throughout the experiment by flow cytometry. (D) Samples from the second G1 arrest (G1 Cdc6 OFF) and the subsequent 30 min time point after release into S phase (release 30 min) were used to monitor replisome progression complex (RPC) formation by immunoprecipitation of TAP-Sld5. (E) The same strain as in (A) was released at 30 C from G1 arrest (G1) for 30 min into S phase (S) or for 90 min into S phase in the presence of 0.2 M hydroxyurea (HU) to stall DNA replication forks. Figure 3F) . Strikingly, however, the coimmunoprecipitation of Cdc53 and Hrt1 was diminished in the dia2-DTPR strain, indicating that the TPR domain of Dia2 is required for SCF Dia2 to associate stably with the RPC. Figure 4A ). Moreover, cells lacking Dia2 have an increased tendency to form subnuclear foci of the recombination protein Rad52 [3] , indicating a higher rate of spontaneous DNA damage, but the dia2-DTPR strain behaves like control cells in this regard ( Figure 4B ). These findings indicate that stable association of SCF Dia2 with the RPC might only be important in specific circumstances, perhaps to regulate action of the ligase at a particular class of stalled DNA replication fork.
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The TPR Domain of
Cells lacking Dia2 or the LRR region grow poorly in the presence of the alkylating agent methyl methane sulfonate (MMS), which induces stalling of DNA replication forks and activates the S phase checkpoint, but the same was not true of cells lacking the TPR domain of Dia2 ( Figure 4C ). Moreover, loss of Dia2 is lethal in cells lacking Slx5, Slx8, or Top3, which are thought to play important roles in the DNA damage response at DNA replication forks [18, 19] , but dia2-DTPR was not synthetic lethal with slx5D, slx8D, or top3D mutants ( Figure S6 ). These findings indicate that the action of SCF Dia2 at stalled forks does not generally require tethering of the ligase to the replisome.
DNA replication forks also pause transiently, however, at tightly bound protein-DNA complexes throughout the genome [20] [21] [22] [23] . In budding yeast, the Rrm3 DNA helicase helps forks get past such sites [21] , probably helping to unwind the pause site and thus displace the protein barrier, so that the replisome can resume progression. In the absence of Rrm3, chronic stalling of forks at protein-DNA barriers is associated with increased DNA damage during chromosome replication ( [24] [25] [26] ; Figure 4B ), indicating that DNA replication forks have an increased tendency to break down under such conditions.
The viability of cells lacking Rrm3 requires Dia2 [3] , and both dia2D rrm3D and dia2-DLRR rrm3D double mutants died as microcolonies of enlarged cells after spore germination ( Figure 4D ; data not shown for dia2-DLRR), consistent with a lethal accumulation of DNA damage. Crucially, we found that the TPR domain of Dia2 was also required to preserve viability in cells that lack Rrm3 (Figure 4Da) , and germinating dia2-DTPR rrm3D spores formed microcolonies of enlarged cells (Figure 4Dc ). These findings suggest that the stable association of SCF Dia2 with the RPC becomes important when forks stall in a chronic fashion at protein-DNA barriers, although this remains to be determined directly. Such stalling might only occur rarely during the normal process of chromosome replication in the presence of Rrm3, but the extreme importance of preserving genome stability could explain why cells have evolved this additional means of regulating the action of SCF Dia2 . In addition to Dia2, budding yeast contains about 20 other F box proteins, of which seven have uncharacterized regions of 100-300 amino acids on the amino-terminal side of the F box motif [2] . The amino terminus of Met30 is important together with the F box itself for nuclear localization of the protein, but the potential targets of this region remain unknown [27] . In the case of Cdc4, 45 amino acids immediately before the F box mediate dimerization of SCF Cdc4 [28] , but this motif is preceded by an additional 230 amino acids whose function remains unknown. Other eukaryotes also contain multiple F box proteins, some of which contain amino-terminal domains of unknown function. Recent studies of two plant F box proteins showed that they possess a so-called LOV domain at their amino terminus, which binds specific proteins in response to light and is thought to control the stability or localization of the corresponding forms of the SCF [29, 30] . It now seems likely that the amino-terminal domains of F box proteins represent regulatory modules that add a new level of complexity to the action of the SCF ubiquitin ligases in eukaryotic cells.
Experimental Procedures
Yeast Strains
The strains used in this study are listed in Table S1 . Cells were grown in rich medium containing 1% yeast extract, 2% peptone, and 2% sugar (glucose, raffinose, or galactose) as the carbon source. Cells were arrested in G1 phase by addition of mating pheromone to 7.5 mg/ml and in S phase by addition of 0.2 M hydroxyurea.
All modifications of budding yeast genes were made by a one-step polymerase chain reaction (PCR) approach in the diploid strain W303-1. The correct clones were identified by PCR analysis and by immunoblotting before using tetrad analysis to isolate haploid clones. In the case of the DIA2-9MYC and DIA2-5FLAG strains, which were found to be defective in Dia2 function, we also sequenced the 3 0 end of the modified DIA2 locus in the tagged strains to confirm that the correct integrations had occurred. The 9MYC-DIA2, 5FLAG-DIA2, and dia2-DTPR strains were generated by transforming diploid cells with PCR products flanked by 50-nucleotide regions of homology to the start of the DIA2 locus. Each PCR product comprised a selective marker followed by the DIA2 promoter (nucleotides 2342 to 21) and the appropriate tag (no tag was included in the dia2-DTPR strain).
Mapping the Start Site of the DIA2 Gene Total mRNA was prepared from 5 3 10 7 wild-type yeast cells (W303-1a) with the RNeasy Mini Kit (QIAGEN 74104), followed by enrichment of polyA+ mRNA via the Oligotex mRNA Mini Kit (QIAGEN 70022). 5 0 rapid amplification of cDNA ends (RACE) was then performed with the BD SMART RACE cDNA amplification kit (BD Biosciences Clontech 634914) according to (B) The indicated strains (YHM132, YHM213, YHM268, and YHM269) were released from G1 arrest into S phase for 30 min at 30 C. The S phase sample was analyzed as above. (Ca-Cc) A yeast two-hybrid strain transformed with the indicated plasmids was grown at 30 C on the indicated media. DBD and AD correspond to the DNAbinding domain and activation domain, respectively, of the Gal4 transcription factor. The nonselective medium was synthetic complete medium lacking leucine and tryptophan (the markers on the plasmids provided these supplements). The selective plates were similar but also lacked histidine (2His) or histidine and adenine (2His 2Ade). The images were acquired after 2, 3, or 5 days as indicated. (D) An MRC1-18MYC strain (YHM298) was released into S phase at 30 C for the indicated times, and Mrc1-18Myc was isolated by immunoprecipitation. The indicated proteins were analyzed by immunoblotting. The asterisk denotes a nonspecific band in the Csm3 immunoblot. (E) A similar experiment was performed with a CTF4-5FLAG strain (YHM168). Cell extracts Sld5 IPs
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The TPR Domain of Dia2 Tethers SCF Dia2 to the RPCthe manufacturer's instructions. After the generation of cDNA, the 5 0 end of CDC45 was amplified with BD SMART II oligo together with the specific oligo 5 0 -GTGTCTAGTCCGCGAGGATACCTAGGTG-3 0 . Similarly, the 5 0 end of DIA2 was amplified with BD SMART II oligo and the specific oligo 5 0 -GCATGGATGGCACCTCGTCGTCATTCG-3 0 . The products were then cloned into the pGEM-T Easy Vector System I (Promega) and sequenced.
Immunoprecipitation of Proteins from Yeast Cell Extracts
Cell extracts for immunoprecipitation experiments were prepared in the presence of 100 mM potassium acetate as described previously [6] , with the following modifications. For each sample, we used 225 ml of cell culture and washed the cells once with 50 ml 20 mM HEPES-KOH (pH 7.9) and once with 10 ml lysis buffer (100 mM HEPES-KOH [pH 7.9], 50 mM potassium acetate, 10 mM magnesium acetate, 2 mM EDTA). The cell pellet was then weighed and resuspended in three volumes per gram of lysis buffer supplemented with Complete Protease Inhibitor (Roche), Protease inhibitor cocktail (Sigma), 2 mM sodium b-glycerophosphate, 2 mM sodium fluoride, and 1 mM dithiothreitol. The suspension of cells was then added dropwise into liquid nitrogen, and the resulting ''yeast popcorn'' was ground in the presence of liquid nitrogen with a SPEX SamplePrep LLC 6850 freezer/mill. Tagged proteins were isolated by immunoprecipitation with magnetic Dynabeads M-270 Epoxy (Invitrogen) coupled at 4 C to rabbit anti-sheep IgG (Sigma S-1265), M2 anti-FLAG monoclonal antibody (Sigma F3165), or 9E10 anti-MYC monoclonal antibody. The RPC components indicated in the various figures were detected by immunoblotting with polyclonal antibodies as described previously [6] . Tagged proteins were detected with the monoclonal antibodies M2 (anti-FLAG), 9E10 (anti-MYC), or 12CA5 (anti-HA) at 5 mg/ml or with polyclonal anti-FLAG antibody (Sigma F-7425) at a dilution of 1/1000. The Cdc6 protein was detected with the monoclonal antibody 9H85 at a dilution of 1/400, and Skp1 was detected with a goat polyclonal antibody (Santa Cruz sc-5328) at a dilution of 1/1000.
Flow Cytometry
Samples were fixed with 70% ethanol and treated as described previously [31] before analysis with a Becton Dickinson FACScan machine and CellQuest software.
Microscopy
Pictures of cells and colonies on agar plates were taken with a Nikon Coolpix 995 camera attached to a Nikon Eclipse E400 microscope. Phasecontrast and fluorescence microscopy of cells grown in liquid culture was performed with a Zeiss Axiovert 200M microscope and a CoolSNAP HQ camera (Photometrics) controlled via MetaMorph image acquisition software (Molecular Devices).
Two-Hybrid Analysis
Two-hybrid analysis was performed with the vectors pGADT7 and pGBKT7 (Clontech). Cells were grown on synthetic complete medium lacking histidine alone or lacking histidine and adenine.
Supplemental Data
Supplemental Data include one table and six figures and can be found with this article online at http://www.cell.com/current-biology/supplemental/ S0960-9822(09)01822-3. (Bb) Cells in which the GAL promoter was used to express green fluorescent protein (GAL GFP) or a fusion protein with amino acids 167-199 of Dia2 at the amino terminus of GFP (GAL NLS-GFP) were analyzed by fluorescence microscopy (top panels) and phase-contrast microscopy (lower panels). Scale bars represent 5 mm.
(C-E) The indicated constructs were tested in the yeast two-hybrid assay as in Figure 2C .
(F) Control (YHM63) and dia2-DTPR (YHM312, which lacks amino acids 1-144 of Dia2) strains were released from G1 arrest at 30 C into S phase for 20 min. TAP-Sld5 was isolated from cell extracts by immunoprecipitation, and the indicated components of RPCs and SCF were monitored by immunoblotting. C for 2 days. The white circles denote the position on the plates of the double mutants dia2D rrm3D and dia2-DTPR rrm3D.
(Db and Dc) Individual tetrads from the same experiments were analyzed by phase-contrast microscopy after 24 hr growth at 30 C.
